[1] Predicted precipitation regime changes in arid ecosystems have the potential to alter soil C balance, but the influence of changes in different aspects of precipitation (amount, seasonality, and intensity) and the factors contributing to such effects are poorly understood. We used a process-based ecosystem model (PALS) that was modified, parameterized, and evaluated for a Mojave Desert ecosystem in the southwestern US to simulate how dryland soil respiration (R s ) and soil C pool size responded to precipitation changes at multiple temporal scales. The effects of changing precipitation on R s were largely mediated by the contrasting respiratory response of plants (R a ) and soil microbes (R h ) and confounded by predrought duration, season, soil temperature, plant phenology, and substrate availability. Increases in precipitation amount stimulated R s and increased the contribution of R a to R s , whereas reductions in summer rainfall and strong increases in rainfall event size reduced total R s and decreased the contribution of R a to R s . Increases in annual rainfall and decreases in summer rainfall benefited dryland soil C sequestration, whereas strong increases in rainfall event size resulted in a loss of soil C, with labile soil C pools being more responsive to precipitation regime changes than recalcitrant C pools at a decadal scale. These simulation results implied that dryland soils may act as C sinks with increased precipitation amount or C sources with decreased precipitation amount, but the strength of the sink/source may be mediated by accompanying shifts in rainfall seasonality and event size distribution.
[1] Predicted precipitation regime changes in arid ecosystems have the potential to alter soil C balance, but the influence of changes in different aspects of precipitation (amount, seasonality, and intensity) and the factors contributing to such effects are poorly understood. We used a process-based ecosystem model (PALS) that was modified, parameterized, and evaluated for a Mojave Desert ecosystem in the southwestern US to simulate how dryland soil respiration (R s ) and soil C pool size responded to precipitation changes at multiple temporal scales. The effects of changing precipitation on R s were largely mediated by the contrasting respiratory response of plants (R a ) and soil microbes (R h ) and confounded by predrought duration, season, soil temperature, plant phenology, and substrate availability. Increases in precipitation amount stimulated R s and increased the contribution of R a to R s , whereas reductions in summer rainfall and strong increases in rainfall event size reduced total R s and decreased the contribution of R a to R s . Increases in annual rainfall and decreases in summer rainfall benefited dryland soil C sequestration, whereas strong increases in rainfall event size resulted in a loss of soil C, with labile soil C pools being more responsive to precipitation regime changes than recalcitrant C pools at a decadal scale. These simulation results implied that dryland soils may act as C sinks with increased precipitation amount or C sources with decreased precipitation amount, but the strength of the sink/source may be mediated by accompanying shifts in rainfall seasonality and event size distribution.
Citation: Shen, W., G. D. Jenerette, D. Hui, R. P. Phillips, and H. Ren (2008) , Effects of changing precipitation regimes on dryland soil respiration and C pool dynamics at rainfall event, seasonal and interannual scales, J. Geophys. Res., 113, G03024, doi:10.1029/2008JG000685.
Introduction
[2] Soil respiration (R s ) is a primary pathway through which organic carbon (C) is released into the atmosphere. R s is influenced by a variety of abiotic and biotic factors, such as soil temperature, moisture, atmospheric [CO 2 ], substrate quality and availability, vegetation and microbial community structure, and land-use and disturbance regimes [Rustad et al., 2000; Raich and Tufekcioglu, 2000; Hui and Luo, 2004; Carrasco et al., 2006; Davidson and Janssens, 2006] . Although temperature is often considered the most important factor controlling this flux, other factors such as soil moisture may be of greater importance in water-limited ecosystems [Davidson et al., 1998; Conant et al., 2004; Jenerette and Lal, 2005; Harper et al., 2005; Borken et al., 2006] . Dry lands, which include arid and semiarid lands and occupy 41% of the global terrestrial surface [Reynolds et al., 2007] , store about 241 Pg or 15.5% of world's total of 1550 Pg organic C to 1-meter [Lal, 2004] and a large amount of inorganic carbon [Schlesinger, 1985] . Compared to temperate forests containing 104-155 Pg of soil organic C [Taylor and Lloyd, 1992] , the response of dryland ecosystems to global environmental changes have received less attention and are poorly understood [Conant et al., 2000; Huxman et al., 2004; McLain and Martens, 2006] . With the large extent and the great amount of soil C stored, dryland ecosystems may play an important role in terrestrial C balance and feedbacks to climate change [Lal, 2004] .
[3] Global and regional precipitation regimes are likely to change because of warming-induced alterations in global air circulation and hydrologic cycling patterns. Over the 20th century, precipitation has increased by 7 -12% in the middle and high latitudes of the northern hemisphere, especially during autumn and winter [IPCC, 2001] . Across the US, precipitation in the last century increased by about 5 -10%, reflected primarily in the number of heavy and extreme rainfall events [Karl and Knight, 1998; Hulme and Sheard, 1999] . During this century, a 7% increase in the global mean precipitation is projected by general circulation models (GCMs), especially in the tropics and at middle and high latitudes [Solomon et al., 2007] . Along with increases in precipitation amount, the intensity of precipitation events and the frequency of extreme events are also expected to increase [Easterling et al., 2000; Solomon et al., 2007] . Seasonality of precipitation may also change, as winter rainfalls increase while summer rainfalls decrease [Magana et al., 1997; Kalvova and Nemesova, 1997] . While many researches have been done to understand the effects of elevated temperature and atmospheric [CO 2 ], few have focused on how the predicted precipitation regime changes might affect terrestrial ecosystems [Weltzin et al., 2003] .
[4] In dry lands, ecosystem processes such as R s and primary production are controlled by sporadic rainfall events; hence, these ecosystems are predicted to be highly responsive to predicted changes in future precipitation regimes [Huxman et al., 2004] . However, the response of dry lands to changes in precipitation regimes is unclear as drying of soils (or drought) may reduce R s , whereas wetting soils may increase R s [Orchard and Cook, 1983; Skopp et al., 1990; Borken et al., 1999 Borken et al., , 2003 Borken et al., , 2006 Davidson et al., 1998; Davidson and Janssens, 2006; Cisneros-Dozal et al., 2007] . The components of R s (i.e., root respiration R a and microbial respiration R h ) may also be differentially affected by precipitation pulse size and timing; microbial respiration may respond to very small or moderate rainfall events, while photosynthetic activity of plants that is related to root respiration generally increases following relatively large events or a series of small ones [Huxman et al., 2004] . This suggests that R s may be influenced not only by the amount of precipitation, but by the seasonality and intensity of precipitation. However, there have been relatively few studies on the effects of the seasonality and intensity of precipitation on R s [but see Borken et al., 1999; McLain and Martens, 2006; Potts et al., 2006] , and no studies to our knowledge, on the combined effects of precipitation amount, seasonality and intensity on R s . Moreover, most field studies have lasted only a couple of growing seasons, and thus are likely to be less effective at capturing the large temporal variation in the amount and seasonality of precipitation in dryland regions. Furthermore, because of the large costs associated with doing precipitation manipulation experiments, extensive model experiments can help provide explicit predictions requiring further field studies [Zavaleta et al., 2003; Zhou et al., 2006] .
[5] The objective of this study was to analyze both the combined and individual effects of changes in precipitation amount, seasonality (seasonal distribution and seasonal timing), and intensity (rainfall event size distribution) on R s using a process-based modeling approach. Specifically, we used the modified Patch Arid Land Simulator (PALS) model to address the following questions: (1) How will dryland R s respond to alterations in the amount of precipitation, as well as the seasonality and intensity of precipitation? (2) How will the responsive behaviors differ between the autotrophic and heterotrophic components of R s ? (3) How will the C source-sink relations of different compartments of soil C pools (e.g., litter, root biomass, and organic C in mineral soil) change in response to precipitation regime changes?
Methods and Materials

Site Description
[6] This modeling research is based on data gathered at the Nevada Desert FACE Facility (NDFF) on the Nevada Test Site (NTS), 15 km north of Mercury, Nevada (36°49 0 -N, 155°55 0 -W; elevation 968 m). The mean annual temperature (MAT) is 21°C at the NDFF, ranging from À19°C to 48°C [Jordan et al., 1999] . The annual average precipitation (MAP) is 141.2 mm. Soils at the NDFF site are Aridosols derived from calcareous alluvium with textures ranging from loamy sands in the upper layers (0 -16 cm) to coarse sands in the deep layers [Jordan et al., 1999] . Vegetation at the NDFF is typical of the Mojave Desert, and consists of perennial and deciduous shrubs, grasses and forbs, as well as annual grasses.
Model Description and Parameterization
[7] PALS is a processes-based ecosystem model developed for the three North American warm deserts (Chihuahuan, Mojave, and Sonoran) [Kemp et al., 1997 [Kemp et al., , 2003 Reynolds et al., 2000 Reynolds et al., , 2004 Gao and Reynolds, 2003; Shen et al., 2005 Shen et al., , 2008 . It simulates Carbon (C), Nitrogen (N), and water (H 2 O) dynamics of desert ecosystems in a daily time step. The model consists of four interacting modules: (1) atmospheric environment and surface energy budget, (2) soil water distribution and water cycling, (3) C/N cycling in the plant-soil-atmosphere system, and (4) phenology, physiology, and growth of plant functional types (FTs) [Reynolds et al., 2004; Shen et al., 2005] . Seven plant functional types were built in PALS to represent the Mojave Desert shrubland ecosystem for this study, including evergreen shrubs (C 3 ), deciduous shrubs (C 3 ), C 3 and C 4 perennial grasses, forbs (C 3 ), and native and exotic annual grasses (C 3 ). The energy budget and plant production modules had been described in detail in previous studies [Gao and Reynolds, 2003; Kemp et al., 1997 Kemp et al., , 2003 Reynolds et al., 2000 Reynolds et al., , 2004 Shen et al., 2005] , here we only focus on describing the two modules closely related to the R s , i.e., the water cycling module that relates precipitation (Ppt) to soil water content (SWC) and the nutrient cycling module that relates SWC to soil respiration.
[8] The water cycling module simulates daily plant transpiration, soil evaporation, and soil water content and movement in six layers (the upper two layers are 10 cm thick, the rest 20 cm). Soil water content is a function of rainfall, soil texture, and evapotranspiration processes [Kemp et al., 1997; Reynolds et al., 2000 Reynolds et al., , 2004 . Water recharge of each layer is the balance between water holding capacity of the layer, the amount of water that percolates out of the upper layer, and previous water content of the layer. Water is removed from the top two layers by evaporation and from all the layers by transpiration (see Kemp et al. [1997] for the calculations of evaporation and transpiration).
[9] Soil respiration is simulated separately as autotrophic respiration (R a ) and heterotrophic respiration (R h ). In the old versions of PALS, R a was calculated as a fixed fraction of photosynthetically assimilated C [see Shen et al., 2005] . For this study, R a or root respiration is further distinguished as growth (R g ) and maintenance respiration (R m ), which are simulated by using the scheme described by Thornley and Cannell [2000] , i.e., a maintenance tax (R m ) is subtracted from photosynthetic assimilation rate (A, g C m À2 day À1 ) and the excess (E x , =A-R m ) is used for growth with an efficiency Y g (also called growth yield) [see Amthor, 2000] . Total root R g (in g C m À2 day À1 ) is the sum of those of the 7 plant FTs:
where j represents different plant FTs, r a is the allocation ratio to roots, r a = 0.35, 0.30, 0.1, 0.08, 0.2, 0.25, 0.25 for evergreen shrubs, deciduous shrubs, C 4 -perennial grasses, C 3 -perennial grasses, forbs, native annuals, and exotic annuals, respectively [Reynolds et al., 2000; Shen et al., 2005] ; Y g is the growth yield of roots, Y g = 0.80 is used for all the seven plant functional types [Amthor, 2000] .
[10] R m (g C m À2 day
À1
) is the product of root biomass (B r , g dry matter (DM) m À2 ), basal maintenance respiration at the reference temperature of 20°C (R m 0 , g C g À1 dry matter (DM) day À1 ), and three modifiers (unitless) that account for the effects of root temperature ( f (T r )), N content ( f (N)), and plant water potential ( f (y)) on R m . Total R m is a sum of those of the 7 plant FTs (j):
R m 0 were derived from literature with the values of 4.0, 5.2, 7.6, 7.6, 6.0, 6.4, and 6.4 Â 10 À4 g C g À1 DM day À1 for evergreen shrubs, deciduous shrubs, C 4 -perennial grasses, C 3 -perennial grasses, forbs, native annuals, and exotic annuals, respectively [Bachelet, 1989; Nouvellon et al., 2000] . The N modifier f (N) was described in detail by Shen et al. [2005] . f (T r ) is calculated using the following equation:
where q l (=0.067°C
) and q h (=0.830°C
) are the parameters regulating low-and high-temperature responses, respectively [Hanan et al., 1996] ; root temperature, T r , is assumed to be equal to the average soil temperature (T s ) of the top 5 layers.
[11] The water-effect scalar, f (y) is defined as:
where y is the plant water potential (in bars), which is calculated as a function of soil water potential and rooting distribution fractions at different soil layers [see Reynolds et al., 2000, equation ( 3)]; a w (=0.0252) and b w (=1.386) are empirical parameters [Bunce and Miller, 1976] .
[12] Heterotrophic soil respiration (R h ) involves the decomposition of plant litter and soil organic matter (SOM) in mineral soils. The detailed description of litter and SOM decomposition is given by Kemp et al. [2003] and Shen et al. [2005] . The rates of soil respiration ( dC i dt ) associated with the decomposition of these pools are calculated using the following equation:
where C i is the C in the ith organic matter pool; i = 1-7 denote surface structural material, root structural material, active SOM, surface metabolic material, root metabolic material, slow SOM, and passive SOM, respectively. F i is the fraction of CO 2 efflux relative to the decomposition rate of the corresponding pool, with F 1 -2 = 0.3 -0.45, F 3 = 0.64, F 4 -7 = 0.55 [Parton et al., 1988] . K i is the maximum decomposition rate (day
) for the ith organic matter pool, with K 1 -2 = 0.012, k 3 = 0.03, K 4 -5 = 0.05, K 6 = 0.00054, and K 7 = 0.000018 day À1 [Shen et al., 2005] . For the two structural material pools, K i is also modified by the lignin content (L C ) of the structural materials; for the active SOM pool, K i is further modified by the soil texture (T m ). Calculations of L C and T m are given by Parton et al. [1993] . f(W s ) and f(T s ) are calculated using the following equations [Kemp et al., 2003; Eliasson et al., 2005 ]:
where W s is the average soil water content (%) of the top 5 soil layers, FC is the soil water content (%) at field capacity, and WP is the soil water content (%) modified by soil texture at the permanent wilting point (for details, see Kemp et al. [2003] ), T s is the average soil temperature at the top 5 layers.
[13] PALS contains about 150 variables and parameters whose values (or initial values) need to be predetermined in order to run the model for a specific research site or ecosystem. We have given the values of some of the parameters that are closely related to the subject of this study in the above paragraphs. Since PALS was developed specifically for the three North American deserts (Chihuahuan, Sonoran, and Mojave), a generic parameter data set has been developed and used in previous studies on the three deserts [Kemp et al., 1997 [Kemp et al., , 2003 Reynolds et al., 2000 Reynolds et al., , 2004 Shen et al., 2005 Shen et al., , 2008 . We adopted most of the parameter values from the generic parameter data set for this study. The site-characteristic parameters, such as meteorological driving variables, canopy covers of different plant FTs (5.5%, 8.7%, 4.0%, 1.0%, 0.3%, and 0% for evergreen shrubs, deciduous shrubs, C 4 -perennial grasses, C 3 -perennial grasses, forbs, and annuals, respectively), initial values of living and dead plant biomass (17.2, 30.3, 8 .2, 0.6, 1.2, 0 g DM m À2 for living biomass; and 3.4, 6.1, 28.2, 1.1, 2.4, 0 for dead biomass of the 7 plant functional types, respectively), and initial values of soil organic pool sizes (11.3 and 34 g C m À2 for metabolic and structural materials in plant litter; and 72.8, 749, and 821 g C m À2 for active, slow, and passive SOM pools, respectively) were derived from the data set for the NDFF site (http://www.unlv. edu/Climate_ Change_Research/NDFF/).
Model Initialization and Validation
[14] The model was run to equilibrium and then validated with field measurements from the NDFF site. The meteorological data obtained from the NDFF from 01/1996 to 12/2005 were used as drivers and repeated 6 times, resulting in the total simulation length of 6 decades for each model run. The values of a few parameters (mainly allocation ratios and biomass death rates) were slightly tuned to make the biomass and SOM pool sizes at the beginning of each decade nearly equal. The tuning-running procedure was repeated several times until the differences between the second decade and the following decades were very small (<1%). We considered this as the equilibrium or quasiequilibrium state of the system [McGuire et al., 1995; Eliasson et al., 2005] . To avoid the initialization effect in the first decade of simulation, we chose to analyze the results from the second decade of simulation.
[15] To assess whether the model simulated R s and its variation are acceptable for the purpose of this study, we compared the modeled R s with the observed R s data from an independent field study at the NDFF site [Billings et al., 2004] . In the field study, R s under the canopies of Larrea tridentata, Lycium spp., Pleuraphis rigida, and the interspace between these plants were measured within three days at approximately bi-monthly intervals from May 1999 to March 2001. Coinciding with the days of field data collection, simulated daily mean R s were averaged on a three-day basis in order to conduct a direct comparison with the field measurements. Figure 1 shows the comparison between the simulated and observed R s of 7 months in 3 years. Most of the simulated values (6 of 7) were within the range of observed R s and followed the same variation pattern as of the observed ones. Fitting a 1:1 line to the data received the coefficient of determination of 0.731, which means that the model explains 73.1% of the observed variation. Although PALS simulated R s were within the range of field measured values, lack of long-term continuous field measurements hindered our assessment of the model performance at fine temporal scales. Nevertheless, the available 7 field measurements spread in different seasons over three years and the simulated daily R s generally followed similar temporal variation pattern of the measured R s (Figure 1) , suggesting that the model was capable of capturing the seasonal variations of R s of the Mojave Desert ecosystem. As our objective was not to precisely describe the variation at the NDFF, but to use an empirically plausible mechanistic model to identify potential consequences of precipitation regime change, the degree of model-data consistency was sufficient for this study.
Simulation Experimental Design
[16] Scenarios of precipitation were based on the 10-year ambient daily rainfall data from the NDFF site. The 10-year precipitation data showed large interannual and seasonal variability. Annual rainfall varied from 46.1 to 316.1 mm (Figure 2a ) and the ratio of summer (June 1 -September 30) to winter/spring (also the growing season from October 1 to May 31) rainfall varied from 0.15 to 1.4 (Figure 2b ). The Billings et al. [2004] . Error bars for the observed R s represent standard errors calculated from measurements at the four locations. mean annual precipitation (MAP, 141.2 mm) of the 10 years at the NDFF site was very close to the long-term (1961 -1990 ) MAP (144 mm) for the nearby Mercury county [Naumburg et al., 2003] ; hence, the 10-year sequence of NDFF rainfall data should be a good representative of the normal precipitation variability.
[17] The future precipitation pattern in the Southwestern US was projected to be wetter in winter/spring, drier in summer, and more large-sized rainfall events, according to the Hadley and Canadian GCM predictions. Depending on the CO 2 emission scenarios used to drive the GCM models, winter/spring precipitation would increase by 5 -42% and summer precipitation may decrease by 10% in the region [Hulme and Sheard, 1999; Smith et al., 2000] . In terms of the total mean annual precipitation, some studies showed an increase in precipitation amount during this century [Karl and Knight, 1998; Hulme and Sheard, 1999; Wentz et al., 2007] , others showed an shift toward a more arid climate in the Southwestern US [Smith et al., 2000; Cook et al., 2004; Seager et al., 2007] . Facing this dilemma, we manipulated precipitation amount in both directions (i.e., decreasing and increasing precipitation) and examined changes in seasonality and event size.
Varying Precipitation Amount
[18] To test the effects of altering precipitation amount, we gradually increased and decreased the ambient daily rainfall by 0%, ±5%, ±10%, ±15%, ±20%, ±30%, ±40%, and ±60%, thus resulting in 15 scenarios of manipulating the amount of precipitation (see details in Table 1 ). The proportional increase and decrease in precipitation amount did not change the rainfall seasonality (or seasonal distribution), here measured as the ratio of summer to winter/ spring rainfall ( Figure 2b) ; but slightly changed the event size distribution: the number of rainfall events with size <5 mm was reduced and those with size >5 mm increased (Figure 2c ). The number of rainfall events showing in Figure 2c are the total number of rainfall events in 10 years; if averaged on a yearly basis, only a few events (<3) with the size <5 mm were removed. Such slightly changed event size distribution would not substantially confound the main effects of varying precipitation amount and are intrinsic consequences of changes to the main effect.
Shifting Rainfall Seasonality
[19] To test the effects of rainfall seasonality changes (i.e., decreasing summer rainfall while increasing winter/spring rainfall), we successively reduced the ambient summer rainfall by 0%, 10%, 20%, 30%, 40%, 50%, and 60% after increasing the ambient annual precipitation amount by 30% (see Table 1 ). The deducted summer rainfall was then proportionally added back to each rainfall event fell in winter/spring hence the amount of precipitation was conserved. After such manipulation the ratio of summer rainfall to winter/spring rainfall substantially decreased (see Figure 2b ). Similar to the manipulations of increasing precipitation amount, the manipulations of decreasing summer rainfall also slightly changed the rainfall event size distribution (Figure 2c ).
Adjusting Rainfall Event Size
[20] To test the effects of increasing rainfall event size, we successively removed the rainfall events with the size <5, 10, 15, and 20 mm on the basis of the baseline precipitation pattern (i.e., ambient precipitation amount was first increased by 30% throughout year and then summer rainfall was decreased by 30% as described in the above two paragraphs; see Table 1 ). The removed rainfall events were added back to larger-sized events hence the amount of precipitation was conserved. Such manipulations did not substantially change the rainfall seasonality (not shown in Figure 2 ), but shifted the event size distribution toward larger-sized classes (Figure 2d ). This assures the main effects of varying event size distribution would not be substantially confounded by the associated changes in rainfall seasonality.
Data Organization and Multiscale Analyses
[21] All the daily precipitation data and simulated daily R s data were reorganized at rainfall event, seasonal, and annual/interannual scales. At the rainfall event scale, R s (also called CO 2 flush) was calculated as the difference between the accumulative C emitted in the 7 days before and after a rainfall event. If 2 or 3 rainfall events occurred in a week, then the CO 2 flush was calculated as the difference between the accumulated C emitted 2 -3 days before and after the event. If more than 3 events occurred in a week, they were treated as one large event [Reynolds et al., 2004] . At the seasonal and annual scales, daily R s and precipitation were summed up on seasonal (summer versus winter/ spring) and annual bases, respectively.
[22] To understand how R s and soil C pool size related to precipitation, we also analyzed the dependency of R s on precipitation, which was measured by two indices: the ratio of CO 2 production to precipitation (RCP) and the coefficient of determination (R 2 ) between R s and precipitation amount. The RCP is calculated as the amount of C emitted divided by the amount of precipitation (i.e., g C / mm Ppt). For example, at the rainfall event scale, RCP equals the amount of CO 2 flush following a rainfall event divided by the amount of rainfall of that event. The R 2 value was derived from linear regression using the SigmaPlot (7.0) (Systat Software, Inc., San Jose, CA, USA). While RCP measures the quantity of R s resulted from precipitation, R 2 measures the degree to which variation of R s can be explained by precipitation.
Results
Dependency of R s on Precipitation
[23] As shown in Figure 3 , the dependency of R s (RCP and R 2 ) on precipitation differed between autotrophic and heterotrophic respiration and varied across temporal scales. At the rainfall event scale, the RCP for R a was larger than that for R h (Figure 3a , left column), but always less than those for R h at the seasonal and interannual scales (Figures 3b and 3c, left column) . In contrast, the R 2 value for R a was always larger than that for R h at all the scales of analysis (Figure 3 , right column), indicating that R a is more related to precipitation than R h . Since R s is the sum of R a and R h , the RCP for R s was always larger than those for R a and R h and the R 2 values for R s was mostly between those for R a and R h (Figure 3) .
[24] Figure 3 also shows that the timing of rainfall, including individual events (Figure 3a ) and the seasonal distribution (Figure 3b ), strongly influences R s . To assess the importance of individual event timing, we categorized all the 212 rain events in the 10 years into two types: triggering events and following events. Triggering events occurred after a relatively long period of drought whereas following events followed a previous rainfall within seven days. Our results showed that triggering events resulted in much larger R s (particularly R a ) and the correlation between R s and the rainfall amount was much stronger (Figure 3a) . At the seasonal scale, the correlation (R 2 ) between R s and rainfall was always larger in summer than that in winter/ spring (Figure 3b, right column) . However, the RCPs for R a and R h differed seasonally; the RCP for R a was larger in winter/spring whereas the RCP for R h was larger in summer ( Figure 3b , left column), indicating that summer rainfall was more responsible for R h production while winter/spring rainfall was more responsible for R a production.
Responses of R s , R a , and R h to Precipitation Regime Changes
[25] The responsive behaviors of R s varied among different precipitation regime changes. R s increased with increasing precipitation amount (Figures 4a-4c , left column), but decreased with reducing summer rainfall (Figures 4a-4c , middle column) and enlarging rainfall event size (Figures 4a- 4c, right column), with R a responses being larger than those of R h . These response patterns were similar across different temporal scales, although the magnitude of the relative responses differed among the scales of analysis. The magnitudes of the relative responses differed between seasons as well. Both R a and R h showed larger relative responses to changing precipitation amount and seasonality in summer time than in winter/spring (Figure 4b , left and middle columns). In contrast, the relative responses to changing precipitation intensity were larger in winter/spring than in summer (Figure 4b , right column). The combined effects of the three aspects of precipitation on R s , R a and R h could be positive or negative (see Figures 4b-4c , right column), depending on how much the precipitation amount, seasonality and event size were changed.
[26] As shown in Figure 4d , the heterotrophic fraction of R s (i.e., R h /R s ) decreased with increasing precipitation amount but increased with reducing summer rainfall and enlarging rainfall event size. That is also to say, the autotrophic fraction of R s (i.e., R a /R s ) increased with increasing precipitation amount but decreased with reducing summer rainfall and enlarging rainfall event size. The response patterns of R h /R s were also seasonally differentiated; larger relative responses mainly occurred in winter/ spring.
Responses of C Flux and Pool Size to Precipitation Regime Changes
[27] Six soil C pools including aboveground and belowground litter, root biomass, active, slow and passive SOM Figure 3 . Ratio of CO 2 production (R s , R a , and R h ) to precipitation (RCP; left column) and coefficient of determination (R 2 ) between soil respiration (R s , R a , R h ) and precipitation (right column) at (a) rainfall event, (b) seasonal, and (c) interannual scales. Bars in the left columns represent standard errors and n is the sample size.
are directly related to R s . The sizes of these pools are controlled by the rates of C fluxes (i.e., C input and output). R s actually is a portion of C outputs from these pools. Among the 6 C pools, passive SOM barely responded to changing precipitation regimes during the time duration of simulation (i.e., 10 years). Therefore we mainly focused on describing the response patterns of 4 C pools (litter, root biomass, active and slow SOM), with aboveground and belowground litter combined as one litter pool.
[28] The rates of C inputs and outputs and the sizes of C pools were all positively related to precipitation amount (Figure 5a ). In comparison with the other 3 pools, root biomass showed much larger relative responses to alterations in precipitation amount, further indicating that changing precipitation amount mainly influenced R a . Unlike other pools, the slow SOM pool size remained almost unchanged relative to that under baseline conditions, although its input and output rates were changed, indicating that the stimulation of increasing precipitation amount on C input and output rates were nearly balanced for this C pool.
[29] Using four of the precipitation amount manipulation scenarios as examples (±30% and ±60%), Figure 5b shows the dynamics of the absolute changes in C pool sizes in response to precipitation amount changes. The three more labile C pools (litter, root biomass, and active SOM) showed relatively larger seasonal fluctuations than did the more recalcitrant C pool (slow SOM). Root biomass increased monotonically with increasing precipitation amount from À30%, À60%, +30%, to +60%. However, for the litter and two SOM pools, decreasing precipitation amount by 30 and 60% in the beginning two years resulted in larger C accumulation than did increasing precipitation amount by 30 and 60%. Decreasing precipitation caused a transient flush of litterfall in the beginning years of precipitation reduction; as drought persisted, limitations on primary production reduced the amount of litterfall hence C storages in litter and SOM pools decreased accordingly in the following years.
[30] Reducing summer rainfall reduced the C input and output rates and benefited C accumulation in litter and SOM pools, but reduced the C storage in root biomass (Figure 6a ). For the three labile C pools, the negative relative changes of C output rates were less than those of C input rates; whereas the negative relative change of C output rate of the recalcitrant C pool (slow SOM) was larger than that of C input rates. The negative impact of changing rainfall seasonality on R s may be ascribed to the reduction in substrate availability and suppression of C output rates.
[31] Using three of the precipitation seasonality manipulation scenarios as examples (À10%, À30%, and À60%), Figure 6b shows the dynamics of the absolute responses of C pool sizes to reducing summer rainfall. The three labile C pools (Litter, root biomass, and active SOM) showed relatively larger seasonal and interannual fluctuations than did the recalcitrant C pool (slow SOM). The stimulation of reduced summer rainfall on soil C sequestration mainly occurred in the early years of rainfall seasonality manipulation, peaked in the third year with the annual rainfall of 316 mm (also the wettest among the 10 years). Because of time lag effects, the slow SOM pool response did not show apparent seasonal and interannual fluctuations. Accumulated over the 10 years, the total soil organic C storage (in all the 4 C pools) was changed by 1013, 1056, and À865 g C m À2 with respect to decreases in summer rainfall by 10, 30, and 60% (data are not shown in Figure 6 ). This means that reducing summer rainfall to a certain degree (e.g., <30%) benefits soil C sequestration but over-reducing summer rainfall (e.g., >60%) may lower the capacity of soil C sequestration at decadal scale.
[32] Increasing rainfall event size also decreased C input and output rates, as well as C pool sizes (Figure 7a) . However, the combined effects of altering all the three aspects of precipitation on soil C fluxes and pool sizes could be positive or negative, depending on the magnitude of alterations in precipitation regimes. For example, aggregating <5 mm rainfall events into the ones >5 mm resulted in positive responses in C fluxes and pool sizes, but further aggregation toward even larger-sized events (e.g., >15 mm) resulted in negative responses. Similar to the effects of altering precipitation amount (shown in Figure 5b ) and seasonality (shown in Figure 6b ), the absolute changes of the sizes of the three labile C pools (i.e., litter, root biomass, and active SOM) in response to enlarging rainfall event size had more pronounced seasonal and interannual fluctuations than did the recalcitrant C pool (i.e., slow SOM; Figure 7b) .
[33] A critical year with more evenly sized rainfall events and large total annual rainfall could substantially influence the long-term trajectory of system responses to changing rainfall event size. As shown in Figure 7b , the four curves with respect to the four scenarios of aggregating rainfall event size (i.e., 5, 10, 15, and 20 mm) overlapped each other in the first two years. This is because most of the rainfall events (38 out of 52) in the first two years were less than 5 mm in size and the total annual rainfall was less than 150 mm; but started from the third year, with about half of the rainfall events (20 out of 44) having the size <5 mm and the total annual rainfall (316 mm) being twice as much as that of the first two years, the four treatment scenarios resulted in apparently separated response curves. This differentiation remained throughout the following years, even though the 7th year had a similar precipitation pattern to that of the first two years.
Discussion and Summary
Underlying Mechanisms Governing R s Responses to Precipitation Regime Changes
[34] Since the responsible processes, influential factors and their relationships governing R s are predefined in the simulation model, modeled system behaviors are either a direct reflection of the predefined relationships or emergent properties resulting from the interactions among these processes and/or factors. Below we discuss the possible underlying mechanisms that are responsible for the simulated responsive patterns of R s to changes in different aspects of precipitation.
Responses to Varying Precipitation Amount
[35] The PALS model predicted that increasing precipitation amount generally stimulated R s whereas reducing precipitation suppressed R s (see Figures 4a-4c , left column), which is consistent with the results from laboratory incubation and field experimental studies in other arid/ semiarid land soils [Wildung et al., 1975; Conant et al., 2000 Conant et al., , 2004 Zhou et al., 2006] . This model behavior is a direct reflection of two response functions (equations (2) and (5)) that incorporate the mechanisms of how soil water availability influences R s , i.e., water stress limits plant and microbial activity and restricts diffusion of organic matter and enzymes in soil water films therefore lowering substrate availability at sites of microbial activity [Skopp et al., 1990; Davidson and Janssens, 2006; Schimel et al., 2007] .
[36] Although governed by the same response functions (see equations (2) and (5)), R s responded linearly with decreasing precipitation amount but nonlinearly with increasing precipitation amount (Figures 4a-4c , left column). We think that the interactions between precipitation and other influential factors (e.g., soil temperature, N availability, root growth, and C pool sizes) were responsible for the nonlinear responses. As precipitation amount increases, plants and microbes increase their uptake and assimilation of N, thereby reducing the pool sizes of available N in the soil and in turn affect root growth and therefore root respiration. Our results showed that a 30% increase in precipitation amount could result in a 13% decrease in soil mineral N content. In contrast, as precipitation decreased, less N was required by plants and microbes because of water limitation on plant and microbial activities. In this case, the dominance of soil water content on R s became even stronger; thus the predefined linear moisture-R s relationship (equations (2) and (5)) overrode the effects of other factors, resulting in the linear responses of R s to decreasing precipitation amount.
[37] Variations in substrate availability and soil temperatures may also explain the variations in the dependency of R s (RCP and R 2 ) on precipitation at different temporal scales. For example, at rainfall event scale, triggering events had much larger impact on R s because the decomposition substrate was more available because of preceding drought induced litterfall and microorganisms death [van Gestel et al., 1991] . At seasonal scale, summer rainfall could result in larger heterotrophic R s whereas winter/spring rainfall resulted in larger autotrophic R s (Figure 3b ). This was because that winter/spring was the growing season, during which similar amount of precipitation could result in larger growth respiration. In contrast, summer was the dominant season, during which most of the plant functional types shed part or all of their tissues [Beatley, 1974; Turner and Randall, 1987] therefore increased substrate availability. Moreover, temperature was more favorable for SOM decomposition during summer time.
Responses to Shifting Rainfall Seasonality
[38] Similar to decreasing annual rainfall, shifting rainfall seasonality (i.e., redistributing a portion of summer rainfall to winter/spring season while keeping the amount of annual rainfall preserved) always decreased annual accumulative R s (Figures 4a-4c, middle column) . This simulation result is consistent with the field observations in a semiarid riparian landscape, where McLain and Martens [2006] found that a year (2003) with less summer monsoon rainfall (95.2 mm) had a 40% lower of annual R s , compared to a year (2002) with larger summer monsoon rainfall (238 mm). However, in a throughfall redistribution experiment (moving summer rainfall to autumn/winter) on a 65-year temperate Norway spruce plantation, Borken et al. [1999] found that the annual R s was slightly reduced by the summer drought in one year (1993) but increased by 51% in another year (1994) . The increase of R s in 1994 in Borken et al.'s study might be ascribed to the warmer soil temperature (0.6°C higher in 1994 than in 1993), the unaffected soil water availability, and the larger total annual rainfall [Borken et al., 1999] . In contrast, in our system, summer drought always markedly decreased soil water availability, and strongly restricted microbial activities in summer time when substrate was more available and temperature was more favorable. This also suggests that there are clearly different environmental and biological controls on soil respiration in arid ecosystems than mesic ones. Moreover, the percentage of reductions in summer rainfall in our study was larger than the corresponding percentage of additions in winter/spring rainfall. For example, moving 30% of summer rainfall to winter/spring season only resulted in a 15.6% of increase in winter/spring rainfall (averaged over 10 years). The larger relative decrease in summer rainfall resulted in larger negative relative response of R s , which overrode the smaller positive effects of increasing winter/spring rainfall, therefore resulting in the overall decrease in annual R s .
Responses to Adjusting Rainfall Event Size Distribution
[39] Adjusting rainfall event size distribution may have positive and negative impacts on soil C fluxes and pool sizes, depending on the degree of event size aggregation. Light aggregation (e.g., <5 mm-sized events were removed and added back to larger-sized events) resulted in positive responses whereas heavy aggregation (e.g., <15 mm-sized events were removed and added back to larger-sized events) resulted in negative responses of R s and C fluxes (see Figures 4b-4c , right column and Figure 7a ). This indicates that rainfall events with size >5 mm have greater biological influence as suggested by Huxman et al. [2004] and Schwinning and Sala [2004] . Larger-sized rainfall events in deserts infiltrate into deeper soil layers and are retained for a relatively longer period of time therefore increasing water availability to both plants and microbes. However, further aggregating smaller rainfall events to even largersized events (e.g., >15 mm) substantially increased the duration of water stress on plants and microbes between events, resulting in lowered biological activities as reflected in Figures 4b-4c (right column) and Figure 7a . Similar phenomena was also observed in a field study on a North American tallgrass prairie [Harper et al., 2005] , where they found that a 50% increase in length of dry intervals between rainfall events decreased the annual R s of tallgrass prairie by 13%.
Differentiation of R a and R h Responses
[40] Both experiments and theory support the hypothesis that the activities of plants and microbes in arid ecosystems are differentially affected by the timing and magnitude of precipitation pulses [Huxman et al., 2004; Potts et al., 2006] . This simulation study showed that increasing precipitation amount decreased R h /R s whereas reducing summer rainfall and enlarging rainfall event size increased R h /R s , with R a responses being larger than R h responses. These results contradict patterns from a field study on a temperate forest, where Borken et al. [2006] reported that exclusion of summer throughfall had a greater negative impact on R h than on R a . One possible reason is that deep-rooted trees in their system are able to uptake water from wetter, deeper soil layers [Borken et al., 2006] therefore R a was less affected by the summer throughfall exclusion. While in our modeled desert ecosystem, plant roots are distributed mostly to soil depths less than 50 cm [Wallace et al., 1980] , little water can be drawn from groundwater or deeper soil layers therefore water supply is solely dependent upon atmospheric precipitation, suggesting that future precipitation regime changes may have substantial impacts on deserts than other ecosystem types.
Desert Soils: C Source or Sink Under Future Altered Precipitation Regimes?
[41] An important goal of understanding R s responses to changes in precipitation is to assess C source/sink relations of soil C pools. Given the predicted increase in precipitation quantity and decrease in summer rainfall in the Southwestern US [Hulme and Sheard, 1999; Wentz et al., 2007] , the PALS model predicted that the four compartments of soil organic matter (litter, root biomass, active and slow SOM) acted as C sinks (Figures 5a and 6a ), but the sink strength could be counteracted by shifts in rainfall event size distribution (see Figure 7a) . If precipitation amount in the southwestern US will decrease as reported in other studies [Smith et al., 2000; Cook et al., 2004; Seager et al., 2007] , desert soils in the southwestern US would more likely be C sources (see Figure 5b) . The source-sink relationships with altering precipitation regimes may be more manifested in more labile soil C pools (e.g., litter, root, and active SOM) in short term (Figures 5b and 7b ), but more recalcitrant C pools (slow and passive SOM) may be more responsible for long-term soil C balance. Furthermore, assessing future C source-sink relations of dryland soils should also consider potential vegetation structure changes (e.g., shifting from shrub-dominated desert to grassland) and other global change factors such as atmospheric [CO 2 ], nitrogen depo-sition, and soil temperature [Pendall et al., 2004] . Processbased ecosystem models are an important component for understanding the combined effects of these factors at long temporal scales.
